A set of BC 1 F 1 , i.e., indica/japonica//japonica and indica/japonica//indica, were produced to specifically compare the effect of heterozygotes and homozygotes at each QTL locus in an indica-japonica hybrid in rice. Grain shape traits and seedling characteristics were measured, in BC 1 F 1 and BC 1 F 2 , respectively. Five QTLs were detected for grain width on chromosome 1, 2, 5 and 7. Two QTLs were detected for the 1000-grain weight on chromosomes 4 and 5. Three QTLs were detected for the grain thickness on chromosomes 2 and 5. Four QTLs were detected for the seedling weight on chromosomes 5, 6 and 12, in addition to three QTLs for other seedling traits, length of first leaf, seedling height and chlorophyll content, on chromosomes 1, 3 and 6, respectively. In the comparison of marker genotypes of AA, Aa and aa, QTLs were detected either between AA and Aa or between Aa and aa, and there was no case in which Aa was superior to AA and aa. In both analyses, each positive effect was contributed from either one of the parents. So far as the present data concern, it was able to conclude that the high level of heterosis in the current indica-japonica hybrids was manifested by a cumulative partial dominant effect of the heterozygotes at many loci and not by overdominance. Then, the set of QTL data for positive effects are considered to be systematically utilized in breeding of parental lines by using molecular markers.
Introduction
In the last decade the high level of heterosis in intersubspecific hybrids has been utilized in hybrid rice breeding (Yuan 1998 , Peng et al. 1999 . High levels of heterosis in rice hybrids have been analyzed (Xiao et al. 1995 , Li et al. 2001 , Hua et al. 2002 . These works renewed the interest in analyses of heterosis in rice hybrids. By some researchers, overdominance is cited as the basis of heterosis in comparison of yield levels or amounts of biomass between hybrids and their parents (Li et al. 2001 . Such a conclusion seems to be reasonable as the hybrids in most cases show better performance than the parents. However, the term of overdominance should be more clearly defined by a comparison of homozygotes and heterozygotes at a single locus. Also, a comparison of a composite trait like yield or biomass, which may be controlled by many loci, may not give a genetically precise picture of heterosis (Hua et al. 2003) . To investigate the basis of heterosis, we need to analyze the hetero and homozygotes at each genetic locus more precisely. Such a comparison can be done more easily than before using molecular techniques.
A large number of QTLs have been identified by the use of recombinant inbred lines (RIL), doubled haploid (DH) lines or by testing F 2 populations. Of these populations, RIL and DH are not useful for analyzing the effect of heterozygotes. Segregating populations in an F 2 are theoretically sufficient to give a good comparison of homozygotes and heterozygotes, but the population size adequate for detecting differences among AA, Aa and aa is not easy to determine using molecular markers. Also, DNA extraction from individual plants may impair their growth more or less thereby hindering accurate measurement. Thus, precise data for the comparison between homozygotes and heterozyogtes are not always available, unless a particular population is developed as conducted by Xiao et al. (1995) and Hua et al. (2002 Hua et al. ( , 2003 with the use of 'immortalized' F 2 data, where a set of inbred lines were crossed with parents to achieve a large proportion of heterozygotes. In the present study, a set of BC 1 F 1 , namely, indica/ japonica//japonica and indica/japonica//indica, was produced and analyzed with simple sequence repeat (SSR) markers to specifically compare the effect of heterozygotes and homozygotes at each QTL locus in indica-japonica hybrid in rice. First, traits to determine grain shape, which consists of determinate traits, were measured in BC 1 F 1 . Second, seedling characteristics, which are indeterminate traits, were measured in BC 1 F 2 to obtain average measures of each genotype in 2001 and in 2003. Such characters were chosen because they are measurable within a limited period of time Communicated by Y. Sato Received April 30, 2004 . Accepted October 7, 2004 and may be less affected by sequential genetic and environmental factors.
Materials and Methods

Plant materials
A set of BC 1 F 1 , i.e., indica/japonica//japonica and indica/japonica//indica, was produced. IR36 was used as an indica parent and Nekken 2 (NK2) which has the widecompatible gene (Wan et al. 1996) was used as a japonica parent to show normal spikelet fertility in crosses to indica cultivars. For each of the two backcross populations, 120 to 143 lines were surveyed to evaluate the difference of heterozygotes and homozygotes.
Measurement of grain shape traits
Twenty seeds from each BC 1 F 1 line were used to determine such grain shape traits as width, 1000-grain weight and thickness.
Measurement of seedling traits
Seedling characteristics were measured in BC 1 F 2 in a growth cabinet. Due to the limited space, each of the two backcross populations was grown at different times, i.e., IR36/NK2//IR36 in 2001 and IR36/NK2//NK2 in 2002. Although there was a potential problem of segregation in testing BC 1 F 2 progenies of heterozygous genotypes, which was determined in BC 1 F 1 , testing of ten plants per line was considered to give an approximate value of each heterozygote. Fifteen seeds were taken from each BC 1 F 1 line, and treated for 40°C to break the dormancy and soaked in fungicide (Benrate-Japan) in Petri dishes at 10°C for 48 h. The fungicide was poured out and replaced with distilled water after 24 h and incubated in 30°C in the dark. Ten seeds were selected and grown in a seedling box (15 × 5 cm) at a uniform level of fertilizer conditions. The seedlings were grown for 25 days in a growth chamber (2.5 × 2.5 m) in day light with the temperature of 25°C/21°C for day and night, respectively. The length of the first leaf and seedling height were measured 25 days after seeding (DAS). SPAD values of Minolta Chlorophyll Meter SPAD-502 (Minolta Camera Co., Japan) were substituted for the second leaf chlorophyll content (Biswas et al. 2000) . The fresh seedling weight and dry weight were measured at 25 DAS. To measure the dry weight, we kept the fresh seedlings in an oven dryer for 48 h on 80°C. The difference between shoot fresh and dry weights was calculated as an indicator of the amount of water kept in each seedling.
SSR-linkage map construction
DNA was extracted from leaf tissues of 143 lines from each of the two backcross populations in the BC 1 F 1 using the CTAB method (Murray and Thompson 1980) . A set of 200 SSR primers distributed throughout the 12 chromosomes was initially selected according to Temnykh et al. (2000) and McCouch et al. (2002) . Amplification was performed using the GenAmp PCR System 9700 (Applied Biosystems, USA). PCR was conducted using 20 ng DNA, 0.2 µM of each primer, 100 µM of each dNTP, 10 mM Tris-HCL (pH 8.3), 50 mM KCL, 1.5 mM of MgCl 2 , and 0.5 units of Taq DNA polymerase (TaKaRa, Japan) in 10-µl reaction mixture, following 1 cycle of 5 min at 94°C, 35 cycles of 1 min at 94°C, 1 min at 55°C, 2 min at 72°C, and 5 min at 72°C for the final extension. Amplified products were separated by electrophoresis through 4% polyacrylamide denaturing gels using Sequi-Gene GT (BioRAD, USA) and silver stained according to the method developed by Bassam et al. (1991) .
Statistical analysis
MAPL 97 program (Ukai et al. 1991 ) was used to map the polymorphic SSR markers in both populations. QTL analysis was performed with the software QGene program to detect the QTL using the interval mapping method (Nelson 1997) . LOD value of 2.5 was used as a threshold to indicate putative QTL positions. The QTL was designated following the report by McCouch et al. (1997) with minor modifications. The first and second letters were selected from the character name and the third was either (I) for indica back cross IR36/NK2//IR36 or (J) japonica for back cross IR36/ NK2//NK2. For example, qWIJ-1 represents the QTL for grain width on chromosome 1 in IR36/NK2//NK2.
Results
Linkage map of both populations
Polymorphic SSR markers varied significantly from one chromosome to another, ranging from 88% for chromosome 2 to 56.3% for chromosome 10, when both parents were screened.
In IR36/NK2//IR36, 111 SSR markers were mapped on corresponding chromosomes with a total of 1933 cM and an average interval of 22.5 cM. In IR36/NK2//NK2, 113 SSR markers were mapped with a total of 1710 cM and an average interval of 17.6 cM. The population of IR36/NK2//IR36 showed a higher number of gaps per chromosome compared with IR36/NK2//NK2. A common set of SSR markers was applied for both populations for single locus comparison. The mapped distance of those primers, however, differed from one population to another partially due to sampling errors. Also some primers were mapped only on one population, and not in the other, because the genetic segregation of some primers did not fit the ratio of 1:1. The description of SSR mapping of each population is shown in Table 1 .
Grain shape traits and seedling characteristics
Measured traits for F 1 , parents and mid-parent (MP) are shown in Table 2 . IR36, NK2 and their F 1 were grown using Yoshida's standard nutrient solution (Yoshida et al. 1976 ) in a growth cabinet. Figure 1 shows the frequency distributions of IR36, NK2 and their F 1 for shoot fresh weight. All the data expressed a significant amount of heterosis against MP.
QTLs for grain shape traits in the BC 1 F 1
Grain width
In IR36/NK2//IR36, qWII-2 was detected on chromosome 2 (Fig. 2) . The increasing effect was contributed by NK2. A similar QTL was reported by Dong et al. (2003) . Four QTLs were detected in IR36/NK2//NK2, i.e., qWIJ-1 on chromosome 1, qWIJ-2 on chromosome 2, qWIJ-5 on chromosome 5 and qWIJ-7 on chromosome 7 (Fig. 3) . QTLs similar to qWIJ-1 and qWIJ-5 were previously reported by Tan et al. (2000) . A QTL similar to qWIJ-5 was also reported by Yoshida et al. (2002) . A QTL similar to qWIJ-2 was reported by Yan et al. (2003) . Interestingly, the increasing effect was contributed by IR36 for qWIJ-1 and qWIJ-7. The increasing The mid-parent heterosis (H MP ) was calculated as H MP = F 1 − (P 1 + P 2 ) /2, where MP is the amount of heterosis, F 1 is the measurement of the hybrid, P 1 and P 2 are the measurement of the parents. **: Significant for heterosis at 1% level.
effects of qWIJ-2 on chromosome 2 and qWIJ-5 on chromosome 5 were contributed by NK2. For qWIJ-7, there has been no previous report of a QTL at this position for grain width. The total variance explained by these QTLs was 52.7% in IR36/NK2//NK2, and qWIJ-5 contributed 26.1% (Table 3) .
1000-grain weight
Two QTLs i.e., qWEI-4 and qWEI-5 for 1000-grain weight in IR36/NK2//IR36 were found on chromosomes 4 and 5, respectively (Fig. 3) . QTLs similar to qWEI-4 and qWEI-5 were previously reported by Yoshida et al. (2002) . A QTL similar to qWEI-5 was also reported by Cui et al. (2002a Cui et al. ( , 2002b . The increasing effects for both QTLs were contributed by IR36. The total variance explained by these QTLs was 18% (Table 3) .
Grain thickness
Two QTLs for grain thickness were found on chromosome 2, namely qTHJ-2 and qTHJ-2-2 (Fig. 3) . Yoshida et al. (2002) reported a single QTL at a similar position for this trait. A QTL for grain thickness i.e., qTHJ-5 was found on chromosome 5. A QTL similar to qTHJ-5 was reported by Tan et al. (2000) . All the QTLs for grain thickness are positively contributed by NK2. The total variance explained by these QTLs was 37.8% (Table 3) .
QTLs for seedling traits in BC 1 F 2
First leaf length at seedling
A QTL for length of the first leaf, qLEJ-1 was found in Fig. 1 . The frequency distribution of the parental lines i.e., IR36, NK2 and their F 1 hybrids for shoot fresh weight. The parents and F 1 were grown in 4 replications. NK2 is shown in black bars, IR36 in white bars and F 1 in hatched bars. The averages for IR36, NK2 and F 1 are shown by black arrows. Fig. 2 . The QTL positions for grain shape and seedling traits in the back cross population IR36/NK2//IR36. These chromosomes that contain QTLs are shown. The chromosome number is written below the mapped primers. Also, the number of linkage sub group is shown. The trait abbreviation is written above the LOD peak where QTL was detected. On the right hand of each chromosome, primer numbers are written. A ruler on the right hand of the page indicates the genetic distance by centimorgan (cM). SLG = Sub linkage group, DR = Shoot dry weight, FR = Shoot fresh weight, WA = Water content at seedling, WE = 1000 grain-weight, WI = Grain width. IR36/NK2//NK2 on chromosome 1 (Fig. 3) . The increasing effect was contributed by IR36. A similar QTL was previously reported for the length of second leaf by Cui et al. (2002a) . The total variance explained by this QTL was 10.2% (Table 4) .
Seedling height
In IR36/NK2//NK2, one QTL for seedling height qHEJ-3 was found on chromosome 3 (Fig. 3) . The increasing effect was contributed by IR36. A QTL similar to qHEJ-3 was reported by Cui et al. (2002a) . The total variance explained by this QTL was 10.1% (Table 4) .
Chlorophyll content
A QTL for chlorophyll content qCOJ-6 in IR36/NK2// NK2 was found on chromosome 6 (Fig. 3) . A similar QTL position but for matured plants was reported on chromosome 6 by Yang et al. (2003) . The positive effect was contributed by NK2. The total variance explained by this QTL was 9.8% (Table 4) .
Shoot fresh weight
A QTL for shoot fresh weight, qFRI-6 was found on chromosome 6 (Fig. 2) in IR36/NK2//IR36. The increasing effect was contributed by IR36. The QTL for shoot fresh weight has not been reported before. The total variance explained by this QTL was 8.9% (Table 4) .
Shoot dry weight
Two QTLs were found in IR36/NK2//IR36 for shoot dry weight, qDRI-5 and qDRI-12 (Fig. 2) . A QTL similar to qDRI-5 was reported by Cui et al. (2002b) . The increasing effect was contributed by NK2. The second QTL for the shoot dry weight was detected on chromosome 12, the increasing effect of which, in contrast with the first QTL, was contributed by IR36. qDRI-12 was the first QTL to be reported at this position. The total variance explained by both QTLs was 20.8% (Table 4) . 
Water content in seedlings
One QTL was detected in IR36/NK2//IR36 for water content at seedlings, qWAI-6 (Fig. 2) . The increasing effect was contributed by IR36. The total variance explained by this QTL was 9.2% (Table 4) . Both QTLs for shoot fresh weight and water content at seedlings shared the same position on chromosome 6. This explains why both QTLs for fresh and dry weights did not share the same chromosomal region. The QTLs for shoot dry weight is mainly determined by the seed reserve (Yoshida 1981) .
QTLs for grain shape traits on the same chromosomal region
In the population of IR36/NK2//NK2 (Fig. 3) , QTLs for grain width and thickness overlapped on chromosome 2 in the flanking region i.e., RM233A-RM145. This region for both QTLs on chromosome 2 has not been reported before.
In the same population, QTLs for grain width and thickness overlapped in the flanking regions of RM574-RM289 on chromosome 5. This overlapping of QTLs on chromosome 5 was previously reported by Yoshida et al. (2002) . We did not find those QTLs for seedling vigor and grain shape traits which were closely located by Cui et al. (2002a Cui et al. ( , 2002b .
Analysis of heterosis by the comparison of both populations
The present model of two backcrosses allowed us to estimate the relative effect of heterozygotes and homozygotes, because QTLs were based on the difference between heterozygotes (Aa) and homozygotes (AA or aa). When a heterozygote (Aa) was superior to homozygotes (AA or aa) in one of the backcross populations, it was necessary to compare the effect in another population to see whether the Aa was also superior to the other homozygote in the same QTL. If a heterozygote is superior to the corresponding homozygotes in the two populations, this will be an evidence for overdominance.
In Table 3 for grain shape traits, at the QTL qWII-2 out of three QTLs detected in IR36/NK2//IR36, the heterozygote was superior to the homozygote. In the cross of IR36/ NK2//NK2, at two QTLs namely qWIJ-1 and qWIJ-7 out of seven QTLs detected, the heterozygote was superior to the homozygote. In no case did the heterozygotes simultaneously show superiority in the two populations (last column in Table 3 ). In Table 4 for seedling characteristics, out of four QTLs detected in IR36/NK2//IR36, at qDRI-5, the heterozygote was superior to the homozygote. Out of three QTLs in IR36/NK2//NK2, at qLEJ-1 and qHEJ-3, their heterozygotes were superior to the corresponding homozygotes. In no case did the heterozygotes simultaneously show their superiority in the two populations as shown in the last column in Table 4 . Figure 4 shows one case of comparative distributions of homozygotes and heterozygotes. At the QTL of grain width qWIJ-5, the japonica-homozygote was superior to the heterozygote in IR36/NK2//NK2, whereas no difference between the two genotypes was detected in IR36/NK2//IR36.
Discussion
The present experiment was designed to analyze the genetic basis for an enhanced level of heterosis in intersubspecific rice hybrids. The tested traits were limited for those relating to grain shape and seedling in rice, but considered to be useful to test some basic aspects of heterosis. At 17 QTL loci, the effect of heterozygotes and homozygotes were compared. Although the heterozygotes showed superiority to one of the homozygotes (AA or aa), in no case the heterozygotes simultaneously showed a higher level of phenotypic value than both of homozygotes. Thus, there was no evidence for overdominance.
The existence of overdominance was reported in the past (Li et al. 2001 , but in those reports, a composite trait such as yield or biomass was compared. The reason for obtaining a result showing overdominance can be explained by this measurement of a composite trait. Tanksley (1993) indicated that an overdominance gene action may be caused by a composite of two or more loci with dominant and recessive alleles in a coupling situation, and discussed that a high resolution mapping of individual heterotic QTL is needed to resolve the issue of overdominance versus pseudo overdominance.
In a comparative study of two populations, Xiao et al. (1995) found that the dominance is the major genetic basis of heterosis in rice, and that the complementation of dominance including partial dominant alleles at different loci in an F 1 hybrid is the major contributor to F 1 heterosis. Hua et al. (2002) reported that the heterozygotes are not always advantageous for performance. Examination of the genotypic effect at each QTL in the present study revealed that either the indica or japonica parent contributed the positive effects. In the F 1 genotype, the cumulative partial dominant effects of such heterozygotes are considered to give better performance than the parents.
In the course of differential development of indica and japonica groups of rice, one set of genes for positive effects may largely be possessed in a group, while another set of positive genes in another group. Thus, hybrids within the same group may not show the clear superiority over the parents commonly shown in japonica-japonica hybrids. On the other hand, if the numbers of contrasting alleles are large in a pair of distantly related parents, then the sum of positive contributions from such parents is considered to be larger. In light of such understanding, QTL analysis in indica-japonica hybrids may provide a working hypothesis, although it has not been conceived in depth, that reclassification of known QTLs into those positive from the indica group or from japonica group will be useful for breeding parental lines in hybrid rice breeding. A positively contributing allele at each QTL may be tagged by a marker allele at each locus in such a classification. With increasing sets of data, it may also be worth examining whether positive phenotypes from indica group may be tagged by indica-type SSR markers and vice versa. It is also important to analyze QTLs of some superior hybrids by the method adopted here. The resulting QTL information can be utilized in breeding of parental lines.
